Abstract -This paper proposes a method for fault diagnosis and fault-tolerant control of DC-link voltage sensor for two-stage three-phase grid-connected PV inverters. Generally, the front-end DC-DC boost converter tracks the maximum power point (MPP) of PV array and the rear-end DC-AC inverter is used to generate a sinusoidal output current and keep the DC-link voltage constant. In this system, a sensor is essential for power conversion. A sensor fault is detected when there is an error between the sensed and estimated values, which are obtained from a DC-link voltage sensorless algorithm. Faulttolerant control is achieved by using the estimated values. A deadbeat current controller is used to meet the dynamic characteristic of the proposed algorithm. The proposed algorithm is validated by simulation and experiment results.
Introduction
The generation of renewable power (e.g., wind and solar power) for supplementing the generation of conventional power has drawn considerable attentions [1] . A photovoltaic (PV) panel is the one of the most promising devices for the generation of renewable energy since it can convert solar energy to electric energy directly [2] [3] [4] .
A grid-connected PV generation system is generally classified as single-stage or two-stage configuration according to the number of processing stage, as illustrated in Fig. 1 . The single-stage topology ( Fig. 1(a) ) compose one inverter to carry out both maximum power point tracking (MPPT) and pulse width modulation (PWM), which is regarded as the most reliable and cost effective structure. However, because of the limitation of the minimum DC-link voltage for the operation of gridconnected inverter and the rated voltage of switch, there are many restrictions on the MPPT operation. To overcome the limitation, the two-stage configuration is used. The two-stage topology ( Fig. 1(b) ) consisting of DC-DC boost converter and DC-AC inverter can enlarge the MPPT operation range for PV grid-connected system. Using a DC-DC boost converter in front, the efficiency of whole inverter system would decrease since more passive and active components (IGBT, capacitor, inductor, diode) are involved in the energy processing when compared to the single-stage topology but when considering the improved MPPT efficiency and wide operation range the two-stage solution is superior to the single-stage inverter [5, 6] .
The MPPT algorithms focus largely on the perturbation and observation (P&O) method and the incremental conductance (IC) methods. They usually require the PV voltage and current values measured by voltage and current (a) (b) Fig. 1 . The topology of (a) single-stage and (b) two-stage three-phase grid-connected PV systems sensors for calculating the present power and for tracking the maximum power point. In the rear-end inverter, a voltage sensor across a DC-link capacitor is essential for DC-link voltage control to measure the DC-link voltage value so that the PV inverter can operate stably. As mentioned previously, since sensors are essential components for the construction of an inverter system, fault diagnosis of the sensors and fault-tolerant control are necessary [7] [8] [9] . This paper proposes a fault diagnosis and fault-tolerant control of a DC-link voltage sensor for two-stage threephase grid-connected PV inverters. If the DC-link voltage sensor breaks down, the fault is determined by comparing the error rate of sensed and estimated voltage. The estimated voltage is obtained by using the DC-link voltage sensorless method. After detecting the fault, the PV inverter is implemented by the estimated voltage. This fault-tolerant control method can be used to keep the system stable during system operation without sacrificing either output performance or MPPT accuracy. For fault diagnosis and fault-tolerant control, the current controller must have very fast dynamic characteristics for operating safely. The deadbeat current controller provides a fast transient response and accurate current tracking [10, 11] . The algorithm proposed in this paper shows the MPPT control to be operating smoothly under fault-tolerant control. A PSIM simulation and an experiment using a PV power conditioning system (PCS) are performed to verify the effectiveness of the proposed algorithm.
Description of the grid-connected PV system
The configuration of the grid-connected PV system is shown in Fig. 2 . The output of the PV panel depends on environmental conditions such as the temperature, solar irradiance, angle-of-incidence, solar spectrum (air mass), and the types of PV cells used in the panel. The front-end DC-DC boost converter tracks the maximum power point (MPP) of the PV panel by measuring the input current and voltage. The voltage across the DC-link capacitor can be kept at a constant value by controlling the power flow. The rear-end DC-AC inverter is used to transform DC power into AC power with high waveform quality. The output current from the inverter enters the grid after passing through the filters.
MPPT control using a boost converter
MPPT control is important to extract the maximum power under various external conditions [12] . The P&O method is applied in many practical PV systems because it makes calculations easy.
In the P&O algorithm, the PV output power is obtained by multiplying the PV voltage with the PV current. First, the PV voltage & PV current are set at their initial values. Then, perturbations are induced to observe and compare the values of PV output power captured before and after the perturbation. Finally, the PV output power tracks the maximum power point (MPP) of the PV panel by using a multi-stepped technique. The progress of the P&O algorithm is shown in Fig. 3 [9] .
Grid-connected inverter
The configuration of the grid-connected inverter is shown in Fig. 4 . The superscript "^" refers to the estimated variables and quantities, and the superscript "*" denotes 
Deadbeat current controller
In Fig. 4 , the voltage equation is
t Ri t L Li t e t dt di t v t Ri t L Li t e t dt
For discrete conversion, current is replaced with the following expressions:
The next state value of current for deadbeat control can be written as shown below:
The voltage equation can be written as shown below: Fig. 5 shows the block diagram of the deadbeat current controller.
Fault Diagnosis and Fault-tolerant Control of the DC-link Voltage Sensor

Fault diagnosis
The internal structure of the voltage sensor is shown in Fig. 6 . The input current is generated by the input voltage and external resistance that create the primary magnetic flux. The magnetic flux is linked to a magnetic circuit. The Hall device in the air gapped magnetic core provides a voltage that is proportional to the magnetic flux. The voltage is increased by a current amplifier and the increased voltage is used to generate the output current. The output current multiplies as secondary winding turns. The current generates the primary magnetic flux. Therefore, the output current is exactly proportional to the input current at any instant. The value of the output voltage is obtained from the values of the output current and the measured resistance.
In the voltage sensor structure, the voltage across the DC-link capacitor can be measured since the input and output voltages have a specific relation. The major reasons for an electric sensor fault are gain, offset, saturation, and open circuit faults. This paper focuses mainly on gain and offset faults.
When a fault occurs, the fault is detected by making a comparison between the measured and estimated voltages. To determine the existence of a fault, the error rate is calculated by the following formula:
The error rate obtained is compared with the error range (K) to detect a fault, as shown in Eq. (8) . As a result of experiments, the error range set to 5% to ensure safe operation during the DC-link voltage sensor fault. 
Fault-tolerant control
A conventional DC-link voltage and current PI controller is shown in Fig. 7 . In the inverter, the d-axis component represents the reactive component and the q-axis component represents the active component. By considering only the active component, the reference of q-axis current is the output of the DC-link voltage PI controller.
To apply the DC-link voltage sensorless control method, the estimated DC-link voltage (ˆ( ) dc v t ) and the reference of q-axis current ( * ( ) q i t ) are added to (1), as shown in Eq. (9) [14] .
v t Ri t L Li t e t v t dt
Under the deadbeat controller well works, if the estimated DC-link voltage and the measured DC-link voltage are same, the Eq. (9) 
If the difference between the reference of q-axis currents and the measured q-axis currents is zero, the estimated DClink voltage is equal to the measured DC-link voltage.
When the estimated DC-link voltage is substituted for the measured DC-link voltage, under steady state conditions, the estimated q-axis current is approximately the reference of q-axis current.
Thus, a new PI controller is developed to obtain the estimated DC-link voltage using the difference between the reference and measured q-axis currents. The proposed PI controller is shown in Fig. 8 .
When a fault is diagnosed, the estimated value can be substituted for the measured value (the wrong value) at the same time for implementing fault-tolerant control in the inverter system. The flowchart for the fault diagnosis and fault-tolerant control is given in Fig. 9 . The proposed PI controller is reflected in Fig. 10 . 
The simulation results
The proposed algorithm was verified by performing a simulation with PSIM software. The parameters used in the simulation are listed in Table 1 .
The simulation responses of the fault diagnosis of the DC-link voltage sensor are shown in Fig. 11 . At t = 1.2 s, because of the fault in the DC-link sensor, the measured voltage is less than the estimated voltage.
The error rate is calculated as v err = (550 -600) / 600 = -0.083 by using Eq. (7). Because the error rate is greater than the error range, the fault is detected and then the fault signal is changed from 0 to 1. The simulation responses of the simulation of the faulttolerant control of the DC-link voltage sensor are shown in To implement MPPT control, the solar cell must be represented by a simple equivalent model. The I-V (dash curve) and P-V (solid curve) characteristics plots obtained using MATLAB software are shown in Fig. 14. From the P-V curve, it can be seen that the optimal operating voltage is 445 V at the maximum power point (P = 3991 W). From the I-V curve, it can be seen that the optimal operating current is 8.968 A at a voltage of V = 445 V. 
The experimental results
The overall system of the 4kW PV PCS with grid connection, as shown in Fig. 16 , is implemented fully in the software by adopting a 32-bit DSP TMS320F28335.
The experimental responses of the fault diagnosis of the DC-link voltage sensor are shown in Fig. 17 . When a fault occurs, the fault signal is changed from 0 to 1. The experimental results shown in Fig. 17 match the simulation results shown in Fig. 11 . The experimental responses of the fault-tolerant control of the DC-link voltage sensor are shown in Fig. 18 . After the fault is diagnosed, the measured voltage is corrected by substituting it with the estimated voltage.
The experimental responses of the estimated value for a DC-link voltage change are shown in Fig. 19 . When the reference voltage was changed from 600 V to 700 V, the estimated voltage followed the measured voltage. The experimental responses of MPPT control under the fault-tolerant control are shown in Fig. 21 . The MPP is located at V = 445 V, as shown in Fig. 21(a) . The values of power (4 kW), current (8.95 A), and voltage (445 V) shown in Fig. 21(b) correspond to those shown in Fig. 15 . Fig. 21 shows that the MPPT control works well.
Conclusion
This paper proposes fault diagnosis and fault-tolerant control of a DC-link voltage sensor for grid-connected PV inverters. The P&O algorithm is validated by the simulation and experimental results. By using the DC-link voltage sensorless algorithm, the fault is detected by comparing the measured and estimated voltages. When a fault is detected, the estimated value can be substituted for the measured value at the same time for implementing fault-tolerant control. Under fault-tolerant control, MPPT control works well. Simulation and experimental results are presented to show the effectiveness of the proposed strategy. The I-V and P-V curves, and (b) the values of V, I, and P at the MPP
